ABSTRACT The evolution of multigene families whose members are dispersed into two or more nonhomologous chromosomes is studied from the standpoint of population genetics. By using a simple model of gene conversion, equilibrium and transient properties of the probability of identity of genes belonging to the family are investigated. Also, the time until fixation of a mutant belonging to a subdivided multigene family is studied by an approximation method. It is shown that dispersion of the family into two or more chromosomes has a relatively minor effect on the extent of identity between genes, unless the conversion rate between genes on nonhomologous chromosomes is extremely low, or unless the number of nonhomologous chromosomes on which gene members are dispersed is large.
It is now known that multigene families are widespread in genomes of higher organisms and that they reveal an unexpectedly high sequence homogeneity within a species (for reviews, see refs. 1-7). Observed levels of homogeneity are considered to be due to continual processes of turnover by unequal crossing-over, gene conversion, and transposition, which result in the gradual fixation of one or a few variant genes within a family in all individuals of a population-a mode of genetic change termed molecular drive (3, 4) . The population genetics theory for treating multigene family evolution has been developed (see refs. 1 and 2 for review) in which each family is assumed to be a homogeneous group of repeated genes on one chromosome. In some cases, however, multigene families are dispersed into two or more nonhomologous chromosomes, and there may be constraints on the extent to which the family evolves as a unit (see refs. 3, 4, and 8 for review). In this report, a theory will be developed for such subdivided multigene families. It is assumed that gene conversion occurs at a certain rate among homologous genes on a chromosome and at another rate among homologous genes located on nonhomologous chromosomes. The gene family is considered to evolve in concert through gene conversion. However, genes on nonhomologous chromosomes may differentiate more than those on homologous chromosomes. A quantitative assessment of the effects of various factors on gene identity, and the population dynamics of a mutant belonging to a subdivided multigene family will be given in the following sections. In this report we consider only accidental fluctuations in the direction of gene conversion, in addition to genetic drift. The effects of biases in the mechanisms of turnover and the magnitude of the variance during fixation will be considered elsewhere. MODEL Because of the complexity of the problem, the simplest model is used. Let ( be the number of nonhomologous chromosomes in a haploid set on which genes of the multigene family are located. It is assumed that n genes are tandemly arranged on a chromosome so that a haploid set contains en gene units belonging to the family. Let N be the effective size of the pqpulation, so there are 2Nen genes in total.
Gene conversion is a process where a gene converts another homologous gene into its own kind, and it is thought to involve heteroduplex formation. If two heteroduplexes are formed, the conversion is said to be symmetric, whereas if a single heteroduplex is formed, it is called asymmetric (see figure 1 of ref. 9) . Also, conversion may be directional. In this study, a simple model as before (10) is used; no directionality is assumed so that spreading of a mutant is purely accidental, and only asymmetric type is considered. Let us assume that, with rate A per generation, each gene is converted by any one of the remaining (n -1) genes on the same chromosome as in the previous model (10) . Let Ak be the rate per generation at which a gene is converted by one of the (( -1)n genes on nonhomologous chromosomes in a genome or by 2(( -1)n genes in a diploid cell. Fig. 1 shows the model of gene conversion. The real process of gene conversion is likely to occur between homologous "domains" which can be either longer or shorter than the gene itself (3, (11) (12) (13) . In addition to the above conversion at two levels, recombination (i.e., gene exchange) occurs between homologous chromosomes at meiosis. Let ,B be the recombination rate per generation between adjacent loci of the family-i.e., (n -1) P per cluster on a chromosome (2, 10) .
The infinite allele model of mutation (14) is used. Let v be the rate of mutation per unit per generation. Here the unit may be a single nucleotide site or short stretches of DNA that need to be no larger than the DNA segment converted at one time for the present analyses.
IDENTITY COEFFICIENTS AT EQUILIBRIUM Let us define the following set of identity coefficients. As before (10, 15), f, C1, and C2 are the probabilities of identity of genes with relationships as in Fig. 2 ; f is the identity coefficient of allelic genes, C1 is that of nonallelic genes on the same chromosome, and C2 is that of nonallelic genes on different but homologous chromosomes. In addition, the identity probability of two genes, each randomly chosen from the nonhomologous chromosomes, is needed, and let it be Ck (see Fig. 2 ).
In formulating the changes of these identity coefficients, let us assume that the three coefficients, f, C1, and C2, are the same in all e kinds of chromosomes initially. At equilibrium, they become identical, and this assumption greatly simplifies the treatment.
Additional formulas to the previous study (2, 10, 15) that are needed for transforming identity coefficients from one generation to the next are the changes due to conversion between genes on nonhomologous chromosomes and the change of Ck due to various processes. Because either one of the two genes
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where Aconv. Ck changes neither by conversion within the chromosome nor by interchromosomal recombination between homologous chromosomes. It is not affected by random genetic drift but reduces by the constant rate 2v by mutation. Therefore, the total change of Ck is, by assuming Ak and v << 1, ACk = -2vCk + e (C2 -Ck).
[3]
Let C = (f, C1, C2, Ck). Then by combining Eqs. 1-3 with the previous formulation (equations [4] [5] [6] The equilibrium values of identity coefficients may be obtained by putting AC = 0. In particular, from Eq. 3, Ck becomes at equilibrium, AkC2 k ( -1)V + Ak' [7] where a caret over e -1.. [5] appeared in a gene on one chromosome I in the population (see Fig. 1 ). In the following treatment, we separate identity coef- [6] ficients concerning chromosome I from those concerning chro- Let H be the vector of nonidentity coefficients,
1-Ck, 1 -f2, 1 -C1,2, 1 -C22). [8] The elements are equivalent to "heterozygosity" of population genetics (16) , and let us call them so. Then we have, for the change of H from one generation to the next, Ht = THt-1, [9] [12] They represent the extent of spread of the mutant to nonhomologous chromosomes. Also, they are measures of the differentiation between nonhomologous chromosomes and are relevant for understanding the mechanisms responsible for the observed variation in families, such as rDNA, which are spread on the X and Y chromosome in Drosophila melanogaster (17, 18) and on five nonhomologous chromosomes in human (19) . Fig. 3 it can be seen that y2 rapidly increases from zero to one unless Ak is extremely small. In other words, conversion among nonhomologous chromosomes is quite effective in spreading mutant genes. Very roughly, the rate df increase of y2 is 2Ak per generation. In the case of the rDNA in D. melanogaster, a species-specific variant of the spacer has spread to both sex chromosomes (8, 17, 18) ; although the 18S genes are slightly different between the two chromosomes (20), y2 would be close to unity for the observed overall homogeneity of the spacers.
The magnitudes of A and Ak (i.e., rates of unequal crossovers in this family) have been assessed empirically (8, 17) . The fixation of the X chromosome-specific 18S gene variant is probably the result of more frequent unequal exchanges between X chromosomes in females.
TIME UNTIL FIXATION OF A MUTANT BELONGING TO A SUBDIVIDED MULTIGENE FAMILY
In this section, the time until fixation of a mutant is examined when the gene family is subdivided into nonhomologous chromosomes. As in a previous study (15) , the method of rate of steady decay of genetic variability is used. The rate may be obtained from the transition matrix of identity coefficients, and the time until fixation is estimated as twice the reciprocal of the rate of steady decay. The method is based on the theory of KiGenetics: Ohta mura and Ohta (21, 22) and is not exact. However, in practice, it gives satisfactory results and is very convenient, as shown in ref. 15 .
Let t1 be the time until fixation of a mutant without further mutation and Ama. be the maximum eigenvalue of the matrix A (Eq. 5) with v = 0. Then we estimate t1 by
The eigenvalues of A are obtained by subroutines of FACOM M150 at the National Institute of Genetics. In order to check the reliability of this approximation method, Monte Carlo experiments were performed. The procedure follows the previous one (15), but two nonhomologous chromosomes are assumed here (e = 2). Thus, the fate of the mutant gene is traced until it is lost from the population or until its number becomes 4Nn (i.e., fixation). Table 3 gives a comparison of the observed (by Monte Carlo experiments) and the expected (by Eq. 13) times until fixation. From Table 3 it can be seen that the agreement between the two is satisfactory. Table 4 gives some examples of t1 obtained from Eq. 13 terchromosomal recombination generally makes tj larger as shown previously (15) . This is because, through recombination, the mutant migrates to other chromosomes in the course of spreading, and the decay of variability is retarded. Some of the examples in Table 4 are the same as those of Table 2 and may be useful for interpreting the data on the rDNA family of Drosophila (17, 18) . From Table 4 it also can be seen that, when the number of nonhomologous chromosomes (e) becomes large, time until fixation gets large even if Ak is not so small. For a typical dispersed family, it is expected that Ak rather than A is the critical factor to determine the rate of molecular drive.
DISCUSSION
From the analyses in the previous sections, one can conclude that, unless gene conversion or other processes responsible for transfer between nonhomologous chromosomes is extremely rare, dispersion of a gene family into several chromosomes has relatively small effects on the extent of identity between members or on the cohesive genetics of molecular drive (3, 4) . In other words, the conversion rate within each chromosome and the total number of gene units in the family are the critical factors, and the family would behave as a unit in many cases. However, when the number of nonhomologous chromosomes (f) is the same magnitude or larger than the number of genes in one chromosome (n), the critical factor becomes the conversion rate between nonhomologous chromosomes. Typical small families that are dispersed on many chromosomes (for example, actin and tubulin gene families) belong to such cases. Accidental gain and loss by both duplicative transposition and gene conversion may be responsible for the rate and pattern of molecular drive in these families. It is of interest to note that the rate of gene conversion within the small family of mobile elements (Ty-1) in The model of conversion used in the present study is the simplest one, and only the "asymmetric type" (see ref. 9 ) is considered. In order to include "symmetric" conversion, some modifications of the formulae are required. Unequal crossingover may be more important than gene conversion in clustered gene families with uniform members such as rDNA or histone gene families. Basically the former process may be treated similarlv to the latter under the assumption that the gene family size is kept more or less constant either by natural selection or by physical constraints in the genome. For the correspondence of the parameters of the two processes and the theory of identity coefficients, see ref. 2. The real process of molecular drive is very complicated, and the relative contributions of the accidental and directional activities of the turnover mechanisms to the rate and pattern of fixation in any one family needs to be assessed. Finally, in order to understand the interaction between natural selection and molecular drive, the magnitude of the differences between all individuals (variance) with respect to the ratio of old to new variants during the process of fixation, for families of different size, chromosomal dispersion, and function, needs to be calculated.
